There is uncertainty about risk heterogeneity for venous thromboembolism (VTE) in older patients with advanced cancer and whether patients can be stratified according to VTE risk. We performed a retrospective cohort study of the linked MedicareSurveillance, Epidemiology, and End Results cancer registry in older patients with advanced cancer of lung, breast, colon, prostate, or pancreas diagnosed between 1995-1999. We used survival analysis with demographics, comorbidities, and tumor characteristics/treatment as independent variables. Outcome was VTE diagnosed at least one month after cancer diagnosis. VTE rate was highest in the first year (3.4%). Compared to prostate cancer (1.4 VTEs/100 person-years), there was marked variability in VTE risk (hazard ratio (HR) for male-colon cancer 3.73 (95% CI 2.1-6.62), female-colon cancer HR 6.6 (3.83-11.38), up to female-pancreas cancer HR 21.57 (12.21-38.09). Stage IV cancer and chemotherapy resulted in higher risk (HRs 1.75 (1.44-2.12) and 1.31 (1.0-1.57), resp.). Stratifying the cohort by cancer type and stage using recursive partitioning analysis yielded five groups of VTE rates (nonlocalized prostate cancer 1.4 VTEs/100 person-years, to nonlocalized pancreatic cancer 17.4 VTEs/100 patientyears). In a high-risk population with advanced cancer, substantial variability in VTE risk exists, with notable differences according to cancer type and stage.
Introduction
The morbidity and mortality associated with venous thromboembolism (VTE) are substantial [1, 2] . Chronic and debilitating sequelae include postthrombotic syndrome following deep vein thrombosis (DVT) or chronic pulmonary hypertension due to pulmonary embolism (PE) [3, 4] . The economic burden of VTE treatment is also quite high, causing direct hospital costs of over $3000 per discharge in a recent analysis [5] . These considerations are further compounded for patients who develop VTE in the setting of malignancy, as cancer further increases the risk of adverse outcomes in patients with VTE [6] [7] [8] .
While the association between thrombosis and cancer was first established over 100 years ago, the independent impact of VTE on patients with cancer has been more recently described [9] . VTE is associated with up to 40% increased risk of death in patients with cancer, while in certain cancer types, the mortality associated with VTE is negligible [7] . The same analysis revealed an excess risk of hemorrhage associated with VTE in this population as high as 11.5%, depending on cancer type [7] . The adverse effect of VTE on patients and the morbidity of prevention and treatment strategies reinforce the need to identify which cancer patients are at highest risk of VTE. High-risk groups can be monitored more closely for VTE and might be more likely to benefit from primary thromboprophylaxis.
Prior work has described substantial variability in VTE incidence in cancer patients based on cancer type and other characteristics. Certain groups of patients with cancer are at no greater risk for VTE than the general population, while other groups have very high risk [8, [10] [11] [12] . Additional work (3, 632) At time of cancer diagnosis:
• Unknown or non-advanced cancer stage (48, 987) • Unknown cancer grade (11, 385) • Unknown or "other" race (1, 220) • Date of death the same as cancer diagnosis (23) Within the same month of cancer diagnosis:
• Administrative claim for VTE (16, has demonstrated that stage and time since diagnosis were strongly associated with VTE risk, although important confounders such as cancer therapy and comorbid conditions have not been fully investigated [6] . There also remains a significant knowledge gap regarding the variability of VTE risk within the most advanced, metastatic stages of cancer. Furthermore, it is not understood whether traditional risk factors within the general population continue to be effect modifiers of VTE risk in patients with very advanced cancer. The goal of this study was to better delineate important risk factors within a vulnerable population traditionally believed to be at very high risk for VTE and to assess the degree of variability in VTE incidence across risk strata. Trials of primary prophylaxis in the cancer patient population have been plagued by low event rates, suggesting that despite the diagnosis of malignancy, many of these patients had low risk for VTE [13, 14] . There are also very little data regarding the best way to stratify patients with malignancy into clinically relevant subgroups based on VTE risk. Better knowledge of risk could inform decision-making regarding future study design and the decision to employ thromboprophylaxis in this high-risk patient population. We therefore performed a retrospective, population-based cohort study of patients with five common solid tumors that were diagnosed at advanced stages, using a nationally representative database, to investigate the variability and incidence of VTE and to demonstrate an effective risk stratification approach.
Methods

Data Source and Study Sample.
We identified the cohort using the Surveillance, Epidemiology, and End Results (SEER) Medicare Database, which provides detailed patientand tumor-level information, including socioeconomic status of the patient, as well as stage, grade, and location of the tumor. This population-based database collects information from specific geographic locations and represents 26% of the entire United States population. For those over the age of 65, Medicare claims are also available and have been linked to the SEER database at the patient level [15] [16] [17] .
The study sample consisted of patients diagnosed with incident stage III or IV breast, lung, or colon cancer, or with nonlocalized cancer of the prostate or pancreasselected because more patients die of these cancers each year than any others [18, 19] . The study population was restricted to patients diagnosed with cancer from 1995 through 1999, given that outpatient treatment of VTE was relatively uncommon during this time. In order to have two years of prediagnosis claims, we only considered patients 67 years old or older when diagnosed with cancer, yielding an eligible population size of 173,788 patients ( Figure 1 ). We excluded those who at anytime during the two years prior to their cancer diagnosis were not eligible for Medicare Parts A and B (17, 477) or had enrolled in an HMO (60,771). Patients diagnosed with cancer at the time of death (23), those with an unknown cancer grade (11, 385) , an unknown or nonadvanced cancer stage (48, 987) , and those listed as unknown or "other" race (1,220), were also excluded. Finally, in order to capture patients who did not have a VTE diagnosed prior to or concomitantly with their cancer diagnosis, we excluded patients who had an administrative claim consistent with VTE during the two years prior to (3, 632) or within the same month of their cancer diagnosis (16, 079 which were associated with a specific hospital admission. The date of VTE was defined as the date of a hospitalization with a primary or secondary ICD-9-CM diagnosis code for DVT or PE. VTE more than likely necessitated admission in the vast majority of cases during our study period, given that the first FDA approval of a drug for outpatient treatment of VTE did not occur until the final year of the study period. Thus, any VTE diagnosis code recorded in the outpatient setting likely referred to an old VTE (prior to cancer diagnosis), a prior VTE recorded in a system not linked with Medicare (i.e., the Veteran's Administration), or was possibly a miscode. Hence, in order to enhance specificity, only patients with inpatient VTE ICD-9 codes were assigned a VTE diagnosis. For each patient, we created indicators for histological grade (with grades I and II defined as "low grade" and grades III and IV defined as "high grade"), cancer specific surgery, chemotherapy, radiation therapy, central venous catheters, and one indicator for each condition comprising the Charlson comorbidity index, with the exception of cancer [20] . We also included appropriate ICD-9 codes for hip fracture and atrial fibrillation as we hypothesized that these conditions or their treatments (such as anticoagulation) might affect the risk of VTE [21] [22] [23] . These variables were obtained from hospital, outpatient, and physician claims using previously described methods [20, 24, 25] .
Statistical Analysis.
Demographic characteristics as well as cancer grade, cancer-specific surgery, chemotherapy, and radiation therapy were summarized for each cancer type. We estimated incidence rates for VTE (in events per 100 personyears) during each of the first three years after the diagnosis of cancer. We censored individuals at death, diagnosis of VTE, loss of part A or B coverage, or enrollment in an HMO. We restricted our analyses of potential predictors of VTE to the first year after cancer diagnosis, as VTE incidence was the highest during this time period. We performed bivariate analyses of gender, age, race, cancer type, stage, grade, surgery, radiation therapy, chemotherapy, central venous catheter use, and individual comorbidities versus development of VTE within one year of cancer diagnosis. We also performed a number of initial stratified analyses to better understand the basic trends in the database. We used recursive partitioning analysis (RPA) to identify clinically distinct groups. RPA involves building binary decision trees that separate a population, based on prognostic factors, into groups with similar outcomes (development of VTE in this case). The strength of recursive partitioning is its ability to identify those factors that separate groups into the most dissimilar outcomes in a nonlinear fashion. RPA has been used with increasing frequency to identify important interactions between factors in different subgroups [26] . The subgroups that result from RPA are often more homogeneous compared with traditional multivariate regression models.
In our preliminary analysis, all variables that were significantly associated with development of VTE in the multivariate Cox model were entered into the RPA. These initial splitting algorithms consistently employed cancer type and stage of malignancy, as the first splitting "levels." In order to derive a limited number of patient strata that are clinically distinct and meaningful, the final RPA splits the cohort using only these two factors. The rate of VTE within one year of cancer diagnosis was then calculated for each group. We then calculated P values for the differences between groups using Student's t-tests. SAS 9.1.3 (SAS Institute Inc, Cary, NC) was used to calculate incidence rates and for survival analysis. Recursive partitioning was performed using the STREE software developed by Heping Zhang and Singer [27] .
Results
Of the 14,214 patients included, the majority (8102, 57%) had lung cancer, followed by colon (1890), breast (1789), prostate (1596), and pancreas (837) ( Table 1 ). The median age was similar across all five cancer types at about 75 years old. For patients with prostate cancer, 15% were Black, compared to 7%-10% of those with other cancers. The use of cancer-specific therapy varied across cancer type. The vast majority of patients with breast or colon cancer (80.5% and 87.3%, resp.) underwent surgery, while less than a quarter of the patients with the remaining malignancies had cancerspecific surgery. Incidence rates for VTE varied significantly by cancer type (Figure 2) . Within one year of cancer diagnosis, prostate cancer had the lowest rate of VTE at 1.42 per 100 personyears, while pancreatic cancer had the highest at 17.36 per 100 person-years (P < .01; Figure 2 ). The other cancers had rates ranging from approximately 4 to 6 per 100 personyears. There was a sharp decline in incidence for all cancer types in years two and three after diagnosis of cancer. The overall rate (per 100-person years) decreased from 5.32 (95% CI 4.93-5.67) in the first year to 0.97 (0.75-1.25) and 0.36 (0.20-0.60) for the second and third years, respectively (P < .0001 for first year rate compared with both second and third year rates).
In bivariate analysis, VTE was significantly related to sex, age, cancer type, surgery, chemotherapy, and radiation therapy ( Table 2) . Four of the comorbid conditions were modestly associated with VTE, though in a protective fashion. These included congestive heart failure (CHF: 2.5% of those with a CHF ICD-9 code had a VTE in the first year after cancer diagnosis versus 3.5% of those without CHF, P = .07), chronic obstructive pulmonary disease (COPD: 2.7% with COPD versus 3.6% without, P = .02), dementia (< 1% with dementia versus 3.5% without, P = .12), and atrial fibrillation (2.2% with atrial fibrillation versus 3.5% without, P = .04).
With prostate cancer as the reference in the final model, all of the other groups had increased hazard ratios (HRs) for risk of VTE in the first year after cancer diagnosis, ranging from 3.73 for male-colon (95% confidence interval: 2.1-6.62) to 21.57 (12.21-38 .09) for female-pancreas (Table 3) Only one of the three cancer type-sex interactions was significant (with prostate cancer as the reference group); the risk for VTE was higher for women compared with men with colon cancer (female HR 6.6 (3.83-11.38), male HR 3.73 (2.1-6.62), P = .02 for sex * colon cancer interaction). The VTE risk was similar for both sexes among patients with pancreatic or lung cancer.
RPA analysis resulted in five distinct VTE risk groups (Figure 3) . Initial partitioning separated nonlocalized prostate cancer from the cohort with a VTE rate of 1.4 per 100 person-years. Stage III cancers were separated from the remaining cohort in the second split. This group was further divided by lung cancer with a VTE rate of 5.2 per 100 person-years, leaving breast and colon cancer, with a combined VTE rate of 4.0 per 100 person-years. The last splitting procedure separated nonlocalized pancreatic cancer, with the highest rate of 17.4, and leaving stage IV cancer of the lung, breast, and colon with a combined rate of 7.2 VTEs per 100 person-years.
Discussion
Patients with advanced cancer are at increased risk for VTE [6, 7, 28] . We have added three specific findings to this body of knowledge using a population-based cohort of older patients with five common, advanced solid tumors. (1) Even in advanced cancer, there is significant heterogeneity in the incidence and risk for VTE within the first years after cancer diagnosis, based on cancer type and stage. (2) Increasing stage and the use of chemotherapy elevate VTE risk in advanced cancer, while other traditional risk factors are not significant in this population. (3) Effective risk stratification is possible within a population with advanced malignancy using recursive partitioning. This allows for the identification of those patients with highest VTE risk, indicating who should be most closely monitored.
Several mechanisms lead to an increased risk of VTE in the cancer patient population. The significant variability in VTE incidence and risk demonstrated here is likely related to nonuniform distribution of these mechanisms between cancer types, stages, and the use of chemotherapies. Generalized causes include more frequent use of central venous catheters, decreased mobility, and more frequent acute medical illnesses in the oncology population than in the general population. Other malignancy-associated mechanisms include direct vascular invasion and external compression by tumor, endothelial cell injury from chemotherapy, cancer cell production of tissue factor and factor X activator, platelet accumulation and activation, and increased levels of acute-phase reactants like von Willebrand factor and factor VIII due to cancer-related inflammation [29] [30] [31] .
The variability in VTE risk shown in the current study bolsters previous work on VTE predictors in patients with cancer. Chew et al. demonstrated a high incidence of thromboembolism in metastatic cancer of the pancreas, stomach, bladder, uterus, kidney, and lung with the highest incidence of VTE occurring in the first year after cancer diagnosis [6] . Sallah et al. noted that chemotherapy, advanced malignancy, and tumors of the kidney, pancreas, stomach, and brain were independently associated with VTE [32] . Blom et al. showed a high incidence of VTE in cancers of the bone, ovary, brain, and pancreas as well as higher VTE risk with distant metastases, chemotherapy, and hormone therapy [11] . As with our findings, the latter study did not reveal strong associations for VTE with radiotherapy or surgery. Hormonal therapy was not differentiated from chemotherapy in our database. The lower risk associated with years two and three was likely due to the fact that the most aggressive cancers lead to increased mortality in addition to increased risk of VTE, as evident by the large decrement in total patients with each successive year ( Figure 2) . The absolute risk of VTE seen in this cohort is quite high in comparison to the general population. Using two population-based cohorts of patients at least 45 years old, in which less than 8% had cancer, the LITE study demonstrated a higher rate of VTE in men than women over the age of 74-5.5 versus 2.7 per 1000 person-years [33] . These rates are much lower than our reference rate of 1.4 VTEs per 100 person-years (or 14 per 1000 person-years) in patients with nonlocalized prostate cancer, with all other groups demonstrating even higher rates. The higher risk for VTE in female compared with male colon cancer patients was unanticipated. Hormonal differences could play a significant role, but this is unlikely given the mean age in this study. There was also no difference in cancer-specific treatment between the sexes in this database. One study has shown that hospitalized men are 21% more likely than women to receive DVT prophylaxis, but it is unlikely that many men were given outpatient prophylaxis preferentially over women in this cohort [34] . A large database study by Khorana et al. demonstrated overall increased risk of VTE associated with female gender with an adjusted odds ratio of 1.14 (95% CI 1.12 to 1.16) [35] . Conversely, Kröger et al. found no difference based on gender in their study of VTE risk factors specific to cancer patients [36] . Our finding of gender differences in VTE risk must be interpreted with caution as three gender-cancer comparisons were made. A P value of .02 for the interaction term is of marginal significance, and additional studies are needed to confirm these results.
Although increasing age, CHF, COPD, dementia, and atrial fibrillation were protective in bivariate analysis, all were nonsignificant in multivariate analysis. Discordant results on the risk associated with age were shown in the studies by Khorana et al. [35] (adjusted odds ratio of 1.08 (1.05-1.11) for age > 65) and Kröger et al. [36] (no significant difference with age). Atrial fibrillation could appear protective because of concomitant use of anticoagulation. Older age, CHF, and COPD have been shown to increase the risk for VTE in the general population [37] [38] [39] , and Chew and colleagues have demonstrated variable increased risk associated with increasing comorbidity in several different cancer populations [40] [41] [42] . Comorbidity codes may not be complete for every patient in the SEER-Medicare Database, which could have influenced our findings. Clinically, however, there may also be a real a hesitation to hospitalize older patients with both advanced cancer and other severe comorbidities who then develop VTE. As such, patients with more aggressive tumors may be less likely to undergo diagnostic evaluation for potential VTE if they face an extremely short life expectancy from their advanced cancer. Families may be more apt to consider end-of-life plans during these situations.
There are some limitations to consider. These are retrospective data using Medicare claims (ICD-9 coded) for the diagnosis of VTE and other comorbidities. Others have validated the accuracy of this approach, but many cases of VTE were likely missed or miscoded [6, 10, 43] . As a result, these VTE rates likely underestimate the true burden of disease in the cancer patient population. Our database also lacked specific laboratory information, such as platelet count, and does not specify which chemotherapeutic agents and doses were used. Importantly, the cohort was predominantly Caucasian. Given this fact, and the need to restrict the cohort to those at least 67 years old in order to appropriately use the SEER-Medicare Database, our results apply to older patients with cancer and are not necessarily generalizable to a more racially diverse and younger population.
Only VTE claims associated with hospital admissions were considered to focus on the most clinically relevant and acute cases. Earlier studies demonstrated the effectiveness of outpatient VTE treatment using low-molecular-weight heparin (LMWH), but the first LMWH approved for this indication, enoxaparin, was toward the end of our study period in December, 1998 [44] [45] [46] . We found no studies that specifically evaluated national trends in outpatient treatment of VTE prior to 2000. While several studies assessed the utility of outpatient management of VTE toward the end of our study period [45, [47] [48] [49] , there was disagreement in the literature about appropriate eligibility criteria for initial outpatient treatment, and outpatient treatment of PE was considered by some to be contraindicated [50, 51] . Given this and the absence of data describing large numbers of advanced cancer patients with incident VTE being treated as outpatients, the idea that the vast majority of these patients would have been admitted for standard-of-care treatment is valid.
Lastly, we have not validated the recursive partitioning approach used to stratify this cohort into clinically relevant risk groups. Our purpose for using RPA was to demonstrate that effective VTE risk stratification is potentially feasible even in this high-risk group with metastatic disease. As demonstrated by Khorana et al. using a multivariate model, stratification tools should undergo validation with separate data sets prior to implementation [52] .
The combined one-year cumulative incidence of VTE in this study was 3.4%. This is similar to rates seen in controls for trials of both LMWH and low-intensity coumadin as primary prophylaxis in patients with cancer, 3.3% and 4.4%, respectively [13, 53] . In high-risk medical patients without cancer, the PREVENT, ARTEMIS, and MEDENOX placebo-controlled trials revealed decrements in VTE rates with thromboprophylaxis from 5.0% to 2.8%, 10.5% to 5.6%, and 14.9% to 5.5%, respectively [54] [55] [56] . Higher baseline rates in the latter two trials are explained by their use of routine screening with Doppler ultrasound and/or venography. Without this sensitive screening method, we have demonstrated VTE rates in advanced cancer other than prostate ranging from 4.0 to 17.4 VTEs per 100 personyears. Future research should focus on the demonstration of VTE risk reduction in ambulatory, nonhospitalized cancer patients at highest risk.
One study that attempted to address VTE reduction in high risk cancer patients was the FAMOUS trial, which evaluated 374 patients with stages III and IV cancers of the breast, lung, gastrointestinal tract, pancreas, liver, genitourinary tract, ovary, and uterus [13] . No statistically significant survival benefit was noted with LMWH versus placebo after one year. A nonsignificant decrease in VTE rate from 3.3% to 2.4% was demonstrated, though diagnostic method was not specified and VTE rate was not a primary outcome. As a result, guidelines do not recommend primary VTE prophylaxis for nonhospitalized cancer patients in the absence of other risk factors [28] . A one-year event rate of 3.3% in the placebo group of the FAMOUS trial appears low compared to rates of 4.0 to17.4 per 100 person-years as seen in the highest-risk groups of the current study. A significant difference in event rates may be detected in future trials if the study groups are more homogeneously high-risk for VTE. As a case in point, a placebo-controlled trial using low-intensity coumadin in 311 women with stage IV breast cancer undergoing chemotherapy for a mean duration of six months did demonstrate a significant decrease in VTE rate from 4.4% to 0.7%, which was the primary outcome for the trial [53] . The conclusion that VTE prophylaxis is relatively safe and effective in this group of patients was justified by the reduction in thrombosis rate, despite the fact that the secondary outcome of overall mortality reduction was not demonstrated within the follow-up period.
Our findings give additional insight about VTE risk in patients with cancer. We have shown that even in patients with advanced solid tumors, there is substantial variability in VTE risk. These data demonstrate that ambulatory cancer patients can be stratified into groups with VTE rates similar to nonsurgical, acutely ill-hospitalized patients. Additional trials are needed in oncology patient groups at the highest risk to determine if thromboprophylaxis is as effective as it is in acute medical illness. Most importantly, patients with advanced (stage IV) cancer of the lung, breast, colon, or "nonlocalized" pancreatic cancer as well as those patients undergoing chemotherapy should have close clinical monitoring for the development of VTE.
